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Abstract
Background: Charcot–Marie–Tooth (CMT) disease is the most frequent heredi-
tary motor sensory neurological disease. GJB1 gene is the second most frequent 
cause of CMT, accounting for approximately 10% of CMT cases worldwide. We 
identified a large Han family with X-linked CMT disease.
Methods: In this study, the probands and his mother underwent electrophysi-
ological examinations and other family members were assessed retrospectively. 
Whole-exome sequencing, Sanger sequencing, and SNP array linkage analysis 
were performed to find and confirm the variant. The functional effect of the iden-
tified variant was further investigated in HEK293 cells and MCF-7 cells by mini-
gene splicing assay.
Results: The affected individuals had some clinical symptoms including sym-
metric atrophy and progressive weakness of the distal muscles in their twenties. 
Electrophysiological examinations result in peripheral nerve injury of the upper 
and lower limbs. Whole-exome sequencing identified a novel hemizygous dele-
tion mutation (NM_000166: c.-16-8_-14del) in the GJB1 gene. SNP array linkage 
analysis and co-segregation analysis confirmed this mutation. Minigene splicing 
assay verified that this mutation leads to the activation of cryptic splicing sites in 
exon 2 which results in the deletion of exon 2.
Conclusion: Our study provides theoretical guidance for prenatal diagnosis and 
subsequent fertility of this family. This result expands the spectrum of mutations 
in GJB1 known to be associated with CMTX and contributes to the diagnosis of 
CMT and clinical genetic counseling.
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1   |   INTRODUCTION

Charcot–Marie–Tooth disease (CMT) is the most frequent 
hereditary motor sensory neurological disease with an 

estimated prevalence of 1/2500 in the population (Barreto 
et al., 2016; Hoyle et al., 2015). CMT disease exhibits con-
siderable clinical heterogeneity and it is characterized 
by progressive muscular weakness, foot deformities, gait 
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disturbance, absence of reflexes, distal muscle atrophy, 
and sensory impairment (Pareyson et al.,  2017). On the 
basis of electrophysiologic properties and histopathology, 
CMT can be further classified into the demyelinating type 
(CMT1), the axonal defective type (CMT2), and interme-
diate type (DI-CMT), which is characterized by demyelin-
ation and axonal loss (Morena et al., 2019). To date, more 
than 90 causative genes have been associated with CMT. 
Despite significant genetic heterogeneity, PMP22, GJB1, 
MPZ, and MFN2 are the most common genes responsible 
for CMT disease (Sun et al., 2019).

X-linked Charcot–Marie–Tooth disease (CMTX) 
is the second most common cause of CMT, account-
ing for 10%–20% of all CMT cases (Liu et al.,  2020). 
According to previous reports, CMTX is mostly caused 
by mutations in the gene GJB1 encoding the gap junc-
tion protein Connexin 32 (Cx32), a gap junction protein 
localized to the paranodal regions and incisures of my-
elinating Schwann cells (Brewer et al.,  2010). Human 
GJB1 consists of two exons. Exon 1 encodes most of the 
5′ untranslated region (UTR). Exon 2 contains the en-
tire amino acid coding region and the 3′UTR. Two dif-
ferent transcripts (NM_000166.6 and NM_001097642.3) 
are regulated by two different tissue-specific promoters 
(P1 and P2). Promoter P1 locates at about 8 kb upstream 
from the coding sequence and regulates the expression 
of transcript NM_001097642 in the liver, pancreas, oo-
cytes, and embryonic stem cells. Promoter P2 positions 
in intron 1 of transcript NM_001097642 and is respon-
sible for the expression of the transcript NM_000166.6 
in the peripheral nervous system. Though these two dif-
ferent transcripts include different 5′UTR, they provide 
mRNAs with identical coding regions(Boso et al., 2020). 
To date, most of the known variants are in the coding 
region, with the majority being missense mutations and 
rarer cases with frameshift and premature stop codon 
mutations or ample deletions. Thanks to the broader 
availability of genetic screening, recent research reported 
that the noncoding region of GJB1 is the key regulator of 
protein expression and mutations in this region are the 
major cause of X-linked CMT, accounting for 10% of pa-
tients with GJB1 mutations (Boso et al., 2020; Tomaselli 
et al.,  2017). Recent research reported that variations 
of the UTR may become pathogenic by disrupting the 
sequences that regulate transcription or by impairing 
mRNA translation and stability, thus influencing pro-
tein expression. The study also raises the possibility that 
variations of the UTR may be a more frequent cause of 
other inherited neurologic conditions than has been pre-
viously appreciated to cause recessive disease (Tomaselli 
et al.,  2017). Here we report a large family presented 
with an adult-onset, slowly progressive, axonal defective 
CMT. Molecular and genetic investigation of the GJB1 

gene revealed a novel splicing mutation that is predicted 
to result in the deletion of exon2.

2   |   MATERIALS AND METHODS

2.1  |  Patients and clinical examination

A large Han family with X-linked CMT disease was 
identified when the proband came to Guangzhou Women 
and Children's Medical Center for genetic counseling. 
The proband and his mother received complete 
neurological examinations by neurologists based on the 
clinical guidelines of the European CMT consortium. 
All procedures in this study were approved by the 
Reproductive Medical Ethics Committee of Guangzhou 
Women and Children's Hospital. Written informed 
consent was obtained from all participants or their 
guardians before enrolment in this study.

2.2  |  Whole exome sequencing

Genomic DNA was obtained from the peripheral blood 
leukocytes of 15 family members using a Fast Pure 
Blood DNA Isolation Mini Kit (Vazyme) according to the 
instructions.

Whole-exome sequencing (WES) was performed 
for the proband (IV-5) by the GenCap® Full Exon Gene 
Capture Probe V4.0 and a HiSeq 2000 Genome Analyzer 
(Illumina) with 100-bp paired-end reads. UCSC assem-
bly GRCh37/hg19 was used as the reference sequence. 
Available genomic databases (dbSNP, 1000 Genomes 
Project, EXAC the Exome Aggregation Consortium, 
ESP6500 NHLBI Exome Sequencing Project, and a local 
Paris Descartes Bioinformatics platform database) were 
used to filter exome variants and exclude variants with a 
frequency >1%. We first filtered out the intronic variants 
and synonymous single-nucleotide variants. Then, we re-
moved the variants annotated in dbSNP without patho-
genic relevance to the clinical phenotype. Poor quality 
variants were excluded (read depth <30; alternative vari-
ant frequency <5).

2.3  |  SNP array linkage analysis

Three hundred and twenty six SNP markers located 5 Mb 
upstream and downstream of the mutation site (GRCh38, 
chrX:g.71223684_71223694del) were chosen for NGS-
based SNP haplotyping and SNP primers of these SNP 
markers were designed by Ion Ampliseq Designer (https://
www.ampli​seq.com/). Genomic DNA library of 13 family 
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members was constructed using these SNP primers and 
NGS was performed for both SNP haplotyping and mu-
tation locus analysis. Sequencing libraries were prepared 
using the gene sequencing library kit (NEXTflex Rapid 
DNA-seq Kit 96rxns, BIOO), and libraries were sequenced 
on an Illumina MiseqDX platform (Illumina) using MiSeq 
Dx Reagent Kit V3 (Illumina). All of the procedures 
were carried out in accordance with the manufacturer's 
protocol. The sequencing data were analyzed by Peking 
Jabrehoo Med Tech., Ltd. Of the 326 SNPs, 189 informa-
tive SNPs including the pathogenic mutation site were 
selected to establish the haplotype and distinguish the 
mutant/affected haplotype.

2.4  |  Family co-segregation analysis

All candidate variants were confirmed by PCR and direct 
Sanger sequencing using the DNA of all patients. The 
primers for amplifying the GJB1 variant were as follows: 
forward: 5′-TAGGGGACAGGGAGCCATAG-3′ and 
reverse: 5′-AGAGCCATACTCGGCCAATG-3′.

2.5  |  Bioinformatics

To further confirm the effect of mutation on the splicing of 
GJB1, the variant was predicted using three bioinformatics 
databases, Mutation Taster (http://www.mutat​ionta​ster.
org/), Splice Site Prediction by Neural Network (http://
www.fruit​fly.org/seq_tools/​splice.html) and GnomAD 
(https://gnomad.broad​insti​tute.org/about​?tdsou​rceta​
g=s_pctim_aiomsg).

2.6  |  Minigene plasmids construct

GJB1 wild type (WT) and mutant type (MUT) gene se-
quences were amplified from peripheral blood leuko-
cytes genomic DNA of IV-7 and IV-4, respectively. The 
primers for constructing pcMINI-C-GJB1-WT/MUT 
plasmids were as follows: forward primer(pcMINI-C-
GJB1-KpnI-F): 5′-ggtaGGTACCttggatgaaagcgaagaagg-3′ 
and reverse primer(pcMINI-C-GJB1-BamHI-R): 5′-TAG
TGGATCCtcagcaggccgagcagcggt-3′. As for pcDNA3.1-
GJB1-WT/MUT plasmids, forward primer(pcDNA3.1-
GJB1-KpnI-F): 5′-GCTTGGTACCATGGGGCGGTGATG
AATTGGGAC-3′ and reverse primer(pcDNA3.1-GJB1-
BamHI-R): 5′-TAGTGGATCCtcagcaggccgagcagcggt-3′ 
were used. Amplification products were subsequently 
cloned into pcMINI-C or pcDNA3.1 expression vector by 
double digestion with KpnI and BamHI enzyme (New 
England Biolabs). Recombinant plasmids were purified 

with the Endo-Free Plasmid Midi Kit (Omega Bio-Tek) 
and confirmed by Sanger sequencing.

2.7  |  Minigene splicing assay

HEK293T cells and MCF-7 cells were cultured in six-
well dishes at 37°C in a 5% CO2 atmosphere in a sterile 
incubator (Thermo Fisher Scientific). DMEM (Invitrogen) 
supplemented with 10% FBS (GIBCO, Thermo Fisher 
Scientific) was used for cell culture. Cells were transfected 
with 2  μg of pcMINI-C-GJB1-WT/MUT or pcDNA3.1-
GJB1-WT/MUT recombinant plasmid. After a further 24 h 
culture, cells were collected and lysed in Trizol (Thermo 
Fisher Scientific). The total RNA was extracted and 
reverse-transcribed to cDNA using the Go Script Reverse 
Transcription System (Promega). Primers on both sides of 
the minigene were used for PCR amplification, agarose 
was used to detect the size of gene transcription bands, 
and sequencing was performed.

3   |   RESULTS

3.1  |  Patient phenotypes

A large Han family with X-linked CMT disease was 
identified when the proband came to Guangzhou 
Women and Children's Medical Center for genetic 
counseling. Due to hand tremors and thenar muscle 
atrophy, he previously went to the hospital for treat-
ment and was diagnosed with CMT after receiving com-
plete neurological examinations based on the clinical 
guidelines of the European CMT consortium (Table 1). 
Because his wife was pregnant with twins, he came to 
our hospital for genetic counseling and hope to find out 
the disease-causing gene. Clinical features information 
was collected from the proband and other affected in-
dividuals (Table 2). The proband was onset at an early 
age with the clinical symptoms of thenar muscle atro-
phy. He found it hard to hold a pen with hand tremors 
and cramps. It got worse as he got older with running 
difficulties caused by calf muscular atrophy and foot 
deformity. Two male patients (III-1; III-5 in Figure 1c) 
had similar onset age and severity as the proband. They 
lost the ability to run around the age of 30. As the dis-
ease progresses, both cases presented with walking dif-
ficulties, sensory abnormalities, and slowly progressive 
distal muscle weakness with peroneal atrophy and foot 
deformities now. Two patients (III-10; IV-9 in Figure 1c) 
presented with more serious clinical symptoms. Female 
patients behaved with milder symptoms including calf 
muscular atrophy and mild walking difficulties.
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3.2  |  Mapping and identification of 
GJB1 mutation

To identify the underlying genetic defects, whole exome 
sequencing of the proband was performed. According to 
the mutation frequency and human genomic database, 54 
candidate genes were found. Three of them best matched 
with clinical symptoms of this family. Sanger sequenc-
ing (Figure  1b) found that the GJB1 deletion mutation 
(NM_000166: c.-16-8_-14del) co-segregated with the CMT 
phenotype in the family members. The other two variants 
are FIG4 NM_014845 c.1165A>G and SYT2 NM_1774 02 
c.919+4C>T, variant of FIG4 fulfilled criterion PM2, BP4, 
and the variant of SYT2 fulfilled criterion BS2, and both clas-
sified as uncertain significance according to ACMG. These 
two variants did not co-segregated with the CMT phenotype 
in the family members and, therefore, were excluded.

3.3  |  NGS-based SNP haplotyping

We analyzed the genotypes of the SNP alleles of 326 SNP 
sites from the gDNA of 13 family members using NGS. 

Based on the heterozygote SNPs in the female III-9, we 
selected homozygote or heterozygote SNPs for the III-10 
and IV-7 at the same loci to construct the pedigree hap-
lotypes. A total of 189 informative SNP sites were chosen 
to construct the pedigree haplotypes to distinguish the 
chromosome of the GJB1 gene. Based on the pedigree 
haplotypes, all the patients carry the same chromosome 
with GJB1 mutation (verification by Sanger Sequencing) 
(Figure 2a,b).

3.4  |  Bioinformatics prediction and 
minigene splicing assay

To further confirm the splicing mutation of GJB1, bio-
genetic analysis was performed by Mutation Taster 
(http://www.mutat​ionta​ster.org/) and BDGP: Splice Site 
Prediction by Neural Network (http://www.fruit​fly.org/
seq_tools/​splice.html). Both Mutation Taster and BDGP: 
Splice Site Prediction by Neural Network suggested that 
small deletion mutation (NM_000166: c.-16-8_-14del) in 
GJB1 located at the exon-intron junction and might alter 
the splice site. To evaluate the effect of the mutation, 

III-7 IV-5

CMAP (mV)/MCV (m/s) Left Right Left Right

Motor nerve conduction

Median nerve 45.8/9.3 NC 35.0/3.0 20.0/0.5

Ulnar nerve 43.9/7.9 NC 34.0/3.8 35.0/6.3

Posterior tibial nerve NC 32.2/3.0 28.0/0.3 18/0.1

Deep peroneal nerve NC 33.9/0.4 NR NR

Sensory nerve conduction

Median nerve 26.5/2.5 NC 30.0/2.0 29.0/1.0

Ulnar nerve 28.5/2.6 NC NR NR

Superficial peroneal nerve NR NC NR NR

Radial nerve 27.7/3.1 NC NC NC

Sural nerve NC 27.5/3.5 NR NR

Medial plantar nerve NC NR NC NC

Abbreviations: CMAP, compound muscle action potential; MCV, motor conduction velocities; NR, no 
response; NC, no record.

T A B L E  1   Electrodiagnostic findings 
in the proband and his mother

T A B L E  2   Clinical features of the affected individuals with Charcot–Marie–tooth disease

III-1 III-5 III-7 III-10 III-11 IV-5 IV-9

Gender M M F M F M M

Age 65 60 56 58 60 29 33

Initial symptom Difficulty walking Difficulty walking asymptomatic Distal leg weakness Impossible 
to run

Impossible 
to run

Impossible to walk 
quickly

Muscle weakness DLL > DUL DLL > DUL DLL > DUL DLL > DUL DLL > DUL DLL = DUL DLL > DUL

Muscle atrophy Yes Yes Yes Yes Yes Yes Yes

Deformity Pes cavus Pes cavus No Pes cavus No Pes cavus Pes cavus

Abbreviations: DLL, distal lower limbs; DUL, distal upper limbs.
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Minigene splicing assay was performed. Recombinant 
plasmids pcDNA3.1-GJB1-WT/MUT or pcMINI-C-
GJB1-WT/MUT were constructed and transfected in 
HEK 293T cells or MCF-7 cells, respectively. PCR, elec-
trophoresis, and direct sequencing suggested that the 
mutation in both pcMINI-C-GJB1 and pcDNA3.1-GJB1 
plasmids lead to the activation of cryptic splicing sites 
in exon 2 and a deletion of 278 bp of exon 2, which 
contains the physiological ATG initiation site of CX32 
(Figure 3a,b,d,e). A different in-frame ATG may be used, 
leading to a shorter protein lacking 92 amino acids at 
the N-terminus (Figure 3c,f). In addition, the mutation 
in pcMINI-C-GJB1 plasmid can also lead to the activa-
tion of cryptic splicing sites in exon 2 and a deletion of 

545 bp of exon 2 (Figure 3e). By cloning the band B into 
a T vector and sequencing, the mutation in pcDNA3.1-
GJB1 plasmid can also lead to the activation of cryptic 
splicing sites in exon 2 and a deletion of 256 bp of exon 
2 (Figure 3b). Although there were two splicing modes 
of band b, the deletion of 278 bp was the main splicing 
mode according to PCR product sequencing.

4   |   DISCUSSION

Mutations in the GJB1 gene are the second most fre-
quent cause of CMT, accounting for approximately 10% 
of CMT cases worldwide (Gouvea et al., 2019). There are 

F I G U R E  1   Causative variant 
detection in this family. (a) A map of 
the gene location of this mutation. 
(b) Sanger sequencing result and co-
segregation analysis of the mutation 
GJB1(NM_000166: c.-16-8_-14del). All the 
patients in this family carry this mutation. 
(c) Pedigree of the CMT disease family 
reported in this study.
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two transcriptions of GJB1 regulated by 2 tissue-specific 
promoters (P1 and P2), allowing differential expression 
of these transcripts in neuronal and non-neuronal tis-
sue (Piechocki et al.,  2000). For neuronal tissues, it is 
regulated by the P2 promoter. To date, 459 mutations of 
the GJB1 gene identified as disease-causing have been 
recorded in the HGMD database (http://www.hgmd.
cf.ac.uk/ac/search.php), only 5 (NM_000166: c.-16–
12-16-2del, c.-16-3C>G, c.-16-2A>G, c.-17+1G>T,c.-
17G>A) (Benedetti et al.,  2010; Tomaselli et al.,  2017; 
Xie et al.,  2021) of them are splicing mutations. But 
recent research reported that mutations in noncoding 
regions of GJB1 were a major cause of X-linked CMT 
(Tomaselli et al., 2017). For the patients in whom Sanger 
sequencing of the coding region of GJB1 was negative, 

further screening of the 5′ and 3′UTR found pathogenic 
mutations.

In our study, we found a novel deletion mutation 
in the 5′UTR region of GJB1 (NM_000166: c.-16-8_-
14del) fulfilled criterion PM2, PP3 and was classified 
as Class 3 (Uncertain Significance) according to the 
American College of Medical Genetics and Genomics 
(ACMG) criteria (Karczewski et al., 2020). Based on the 
linkage analysis and co-segregated result, this muta-
tion fulfilled criterion PM2, PP1-M, PP3, PP4, and was 
classified as Class 5 (pathogenic). Further minigene 
splicing assay verified that this mutation produced two 
new splice variants (resulted in the deletion of the first 
256/278/545 nucleotides of exon 2) that were likely to 
be translated into truncated protein. This result fulfilled 

F I G U R E  2   Family pedigree and 
pedigree-based linkage analysis and NGS-
based SNP haplotyping results. (a) Family 
pedigree and pedigree-based linkage study 
of affected and unaffected individuals. 
The segregating haplotype is indicated by 
326 SNP markers located 5 Mb upstream 
and downstream of the mutation site. 
GJB1 is flanked by positions 70434408 and 
70776730. Affected subjects are denoted 
in black. The proband is indicated 
by an arrow. The reference genome 
was GRCH37/ HG19. (b) NGS-based 
SNP haplotyping results of 13 family 
members. 189 informative polymorphic 
SNP markers located upstream and 
downstream of the mutation site in GJB1 
were selected to establish the haplotype. 
The positions marked in dark green color 
are informative SNPs for III-10 while the 
positions in light green are for III-9. The 
black line between positions 70434408 and 
70776730 represent the mutation sites. 
III-1, III-5, III-10, IV-5, and IV-9 exhibited 
an affected haplotype pattern (F0).

http://www.hgmd.cf.ac.uk/ac/search.php
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the ACMG criterion of PS3. Likewise, Benedetti et al. 
proved that a c.-16-3C>G substitution activated a cryp-
tic splice site which resulted in the deletion of the first 
278 nucleotides of exon 2, which consisted of part of 
our result (Benedetti et al., 2010). However, it was pre-
viously reported that the change of the canonical splice 
site sequence (c.-17+1G>T) causes the retention of the 
whole intron 1 into the mRNA and demonstrated a 70% 
reduction of the transcript level of GJB1 expression 
(Boso et al., 2020). When compared to this report, our 
patients also had fairly typical clinical, neurophysiolog-
ical and pathological features, bearing a phenotype that 
co-segregated with the variant. The difference is that 
our mutation causes a 278 bp truncated mRNA, while 
the reported mutation (c.-17+1G>T) causes a transcript 
that was 356 bp longer than the mRNA of a control 

nerve biopsy, ultimately resulting in reduced protein 
expression of Cx32.

With the development of sequencing technology, next-
generation sequencing (NGS) is increasingly being used in 
clinical diagnosis. Although there is a desire to use NGS as a 
single method to detect all clinically relevant genetic changes, 
especially for inherited diseases, the ability to interpret all of 
those data lags. The knowledge of how to interpret novel or 
rare mutations is still limited (Yohe & Thyagarajan, 2017). 
The pathogenicity of mutations needs to be judged with 
particular caution in clinical genetics counseling for such 
patients. In our study, the proband went to our center for 
genetics counseling for his unborn twins. Through a series 
of experiments, we identified this mutation as a pathogenic 
mutation and upgraded the pathogenicity rating accord-
ing to the ACMG criteria. Unfortunately, both twins carry 

F I G U R E  3   Minigene splicing assay result. (a) RT-PCR transcriptional analysis runs glue map of pcDNA3.1-GJB1-WT/MUT. (b) Sanger 
sequence results of bands in a. (c) Minigene construction strategy of pcDNA3.1-GJB1-WT/MUT. (d) RT-PCR transcriptional analysis runs 
glue map of pcMINI-C-GJB1-WT/MUT. (e) Sanger sequence results of bands in D. (f) Minigene construction strategy of pcMINI-C-GJB1-
WT/MUT.Red * indicates the mutation location.
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this disease-causing mutation. Considering female patients 
demonstrate milder symptoms, just the mother (III-7), he ul-
timately decided to keep the twins.

In conclusion, we demonstrated that the novel candi-
date variant of GJB1(c.-16-8_-14del11) does cause CMTX. 
The mutation co-segregates with typical clinical pheno-
type in a large Chinese pedigree and is located in a highly 
conserved position, at the interface between intron 1B and 
exon 2, similar to other adjacent putative causative vari-
ants, thus emphasizing its functional importance. Our re-
sults expand the spectrum of mutations in GJB1 known to 
be associated with CMTX and contribute to the diagnosis 
of CMT and clinical genetic counseling.
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